..,, The motion of the focal spot has been observed by ti~e of flight measure-4 5 6 D1ents, ' and has been photographo:d directly with a streak camera.
It explains the observed backward-forward asyn:netry in stimulated Raman scat- 7 8 tering ' and the time dependence of the stimulated Raman and Brillouin 0 -3-LBL-6084 8 9 pulses under various self-focusinc conditions. ' In addition, it explains quantitatively the spectral broadening of the self-focused beam 10 11 resulting from self-phase ~adulation.
• Measurements of the self-fa-· cusing dynamics in the prefocal region 12 also agree well with the theoretical ~alculations. It was shown that as the laser pulse propagates on in the non'"" linear medium, the beam radius would first deform into a horn shape (see Sec. II B) and then retains the shape over long distances. This is known as dynamic trapping. . 16-18 Numerical calculations yield this same p1cture, although they suggested that the neck of the horn might continue to shrink 1 i . 19 n ra 1us as t e pu se propagates on an may even orm s1ngu ar t1es. This dynamic trapping model of transient self-focusing has been used to semi--quantitatively account for the observed spectral broadening of the laser light.
• 20 asymmetric seni-periodic
Experiments using an isotropic liquid crystalline material with a long relaxation tioe t as the nonlinear mediun have been performed to study this extreme transient self- For a quasi-monochromatic light beam we can write
where ~ = t -zn In order to solve these equat~ons, we need to know the amplitude and phase profile of the input laser pulse. We also need to know the functiona! dependence of on upon the field. ForKer~ liquids, the dominant mechanism contributing to on is molecular reorientation. 15 • 22 -24 Itobeys a relaxation equation
which yields
where n 2 is a constant coefficient of the medium. Then, in the quasi-
and, in the extreme transient limit (t << -r),
Self-focusing can no~ be described by the solution of the coupled equations in Eq. (3) together with Eq. (5) . Unfortunately, an analytical solution is not generally possible, so these equations have been solved numerically.
In the quasi-steady-state limit, the calculation predicts the appearance of a sharp focal spot at the self-focusing distance 14 . cr 128n 2 (9) where P is the input laser power, ). and c are the wavelength and the 
B. Physical Description
We have so far described self-focusing in the ~uasi-steady-state limit and in the transient limit in ~ather different physical terms. However, in varying from one limit to the other, we should expect the selffocusing behavior to change continuously. We therefore need a unified i.)
physical description to describe self-focusin~ throughout the entire range.
In our unified description, we concentrate on how the beam radius of different parts of the laser pulse varies as a function of distance as the pulse propagates in the medium. In the quasi-steady-state limit,
self-focusin~ and subsequent diffraction are both abrupt. Thus, each small section of the incoming laser pulse self-focuses into a sharp focal spot at the self-focusing distance zf given by Eq. 
C. Effect of Other Nonlinear Processes on the Limiting Diameter
As the input laser power is increased, the theories discussed in Section 2 A would predict that the minimua diameter of the self-focused beam should continually become smaller. Experiments however find a limiting diameter ~hich appears to be a characteristic of the nonlinear medium. 
III. EXPERniENT
Our expericent was designed to check the predictions of the unified physical description of self-focusing discussed in the previous section.
We wanted to obtain the results quantitatively so that the data can be used to compare with available or possible numerical calculations.
We used the respons~ time T of the medium as a varying parameter to vary self-focusing from the quasi-steady-state limit to the transient li- 
We used the liquid crystalline material p-~thoxy-bcnzylidene-pbutylaniline (EBBA) in its isotropic liquid pha~e as our self-focusing medium. This material is known to have a large nonlinear refractive index and a long relaxation time. 22 In addition, both n 2 and have a 1 strong pretransitional temperature dependence in the range above the ne-
matic-isotropic transition temperature TK. They can e wr1tten as 6.35
-9
x 10 esu OK n2 = * (T -T ) (14) 2800° K/T 7.0 X -11 OK e 10 ·nsec -
where T = TK -1.0° K is a ficticious second-order transition temperature. Over the temperature range we used, n 2
varieq by a factor of 20, while 't varied by a factor of 50 (see Table I ).
We used in our self-focusing experiment EBBA purchased from Varilight Corporation without further purification. The sample was placed in a 10-cm fused-quartz optical cell, and evacuated for several hours to remove any H 2 0 or 0 2 . After evacuation, the cell was sealed under vacuuo.
The sample then had a sharp isotropic-nematic transition at TK = 78.0° C.
This TK ~as constant to within 0.1° C throughout the experiment, indicating that no degradation of the sample had occured. In our experiment, the sample cell was held inside an oven which had a temperature stability of better than 0.1° C, and a uniformity of better than 0.2° C throughout the cell.
B. Experimental Technique
These experiments were performed with a ruby laser, Q-switched by cryptocyanine in methanol, wltich gave a ~mooth output pulse having a dur-0 0 -13-1BL-Sci84 ation approxi~atcly 15 nsec full width at half maximum. Oscillation on a single transverse·mode was insured by placing an 0.8 mm diameter pinhole in the laser cavity. The laser power was varied using neutral density filters outside the cavity. After collimation by lensen Ll and 12 (see Fig. 2 ) the beac entered the sample with a 1/e intensity radius ~f 130 ~m.
The time dependence of the input power was monitored by D2 (ITT-F4018 biplanar vacuum photodiode) and by Scope A (Tek. 519).
After the beam excited the sample c~ll, measurements were made on it to observe the effects of self-focusing. First, a magnified image of the exit plane of the sample was formed using imaging lenses, and the actual measureillents ~ere performed on the magnified image. An image of any plane inside the sample would be distorted by gradients in 6n inside the ··- sample. This is the reason we made all measurements ~. = c9nstant.
To obtain the most complete information, we made three different 
C. Data Analysis
To calibrate the absolute power in our laser beam, we used the known self-focusing properties of cs 2 , for which Per= SkU. A 19 em long cs 2 cell was inserted in place of the·EBBA cell, and the radius at the exit plane of the sample was monitored using the techniques discussed above.
Then using Eqs. (8), (9), and (10), the absolute value of P(z;) was deter- Knowjng the calibrations, we could determine the absolute stimulated Brillouin power generated in the backward direction for each laser shot.
We could also deter~inethe absolute axial intensity at the exit plane of the sample I (~).
ax
Then we could deduce the characteristic radius at the exit plane
where the bean po~er at the exit plane is (15) 
Here Eq. (16) .. (17) In our analysis, we assumed the profile was Gaussian, and used Eq. (17) to compare our measurements of I (t) to the streak photographs and the ax time-integrated photographs. l-le found good agreement, except for those cases having very strong stimulated Brillouin scattering. This was not surprising. It is known that the number of focal spots observed at the exit plane of a self-focusing sample is very sensitive to the spatial Each pulse is plotted with its .leading edge at the right. Using
Eq. (15) we could deduce the temporal variation of the beam radius r (r;)
~t the end of the cell as shown in Fig. 3(d) , and COQpared it directly with the observed streak camera picture in Fig. 3(e) . We found the agreement in all cases was ex~ellent. Note however that in the near quasisteady-state case, only the leading part of the pulse can be seen because backvard stimulated Brillouin scattering actually depletes the lagging part of the pulse and prevents it from self-focusing.
We was deduced from the streak photograph. For these two shots only, the r (~) shoY-rn in Fig. 5 is deduced from the streak photograph rather than 0 from Eq. (15) . In Fig. 6 we ~how t~e corresponding strea~ photographs.
IV. DISCUSSIO~~
A. Agree!!lent with Theoretical ~·fodels
The radial profiles of the self-focused laser pulse in Fig. 3(c) can now be ~ompared with those in Fig. 1 . They clearly have the same qualitative features, which shows that our un{fied physical deseription in Fig.   1 is a valid description. In the transient limit the pulse had a horn shape with weak oscillations along the neck region~ as predicted by the 17 18 theory. '
As t /-r was increased by decreasing t, the axial intensity p pulse decreased in length, and the radius started to diverge at the end of the pulse. In the quasi~steady-state limit (t It >> 1) the radius . p
showed a localized focal spot, and the axial intensity pulse length was
hh . 11 o t e or er o t, ~n agreement wit t eoretical predictions.
We can see the effect of varying input power in Fig. 5 . The dcformation of t-fe longitudinal pulse profile is strikingly dependent on tp/t at all power levels investigated. As an example, let us examine the pulse deformation right at the self-focusing threshold. These low input power pulses are shown in Fig. S(i) . In the. quasi-steady-state limit (see Fig.   Sa(i) ), the tail of the pulse was focused no more strongly than was the leading edge of the pulse. The peak of the pulse was focused most strongly. and r (~) was nearly symmetrical about ~ = 0. As t /t decreased (see Another qualitative aspect of self-focusing one can deduce from Fig.   1 is that near the self-focusing threshold, the peak of the axial intensity pulse should be delayed from the peak of the input laser pulse if the transient effect is appreciable. For the transient cases, the self-· focusing threshold is higher and the delay is longer. As the input power increases and the beam self-focuses more strongly, the peak of the axial intensity pulse will first move back\.;ard in time until the self-focused beam reaches its limiting diameter, and then it will move forward toward the peak of the input pulse. These features are what we actually observed \ in our experiment as sho"'rn in Fig. 7 . For comparison, we include in Fig.   7 a theoretical curve (a) calculated using the quasi-steady-state formula Eq. (8) with the actual time dependence of the laser pulses we used in these measurem~nts. The results in Fig. 7 indicate that even with t It ~ 11.3, the trahsient effect on self-focusing is still quite appre- In Fig. 8, we show the observed minimum radius of the sel~-focused I beam at the end of the cell R . = r i /r . as a function of the m1n o,m n o,1nput
normalized input peak power P/P for the vafious cases. The theoretical cr curve (a). for the quasi-steady-state limit is also plotted for compari- 
zu.
Pr~sumably because of the onset of stimulated Brillouin scattering, our r~sults deviate from the theoretical predictions as the limiting diameter is reached.
In Fig. 9 , we show R . as a function , which has a cr x 10 3 , this is the true quasisteady-state limiting case. As expected, the solid theoretical curve for the quasi-steady-state limit agrees well with our experimental results dot..'U to the .limiting value.
B. Limiting Mechanisms
In all cases, the R i in F.ig. 8 approached a limiting value at high m n P. As discussed in Section II, numerous ·mechanisms h.:1ve been proposed 0 0
. ., .
-20-LBL-6084 for this behavior. Here, let us estimate the effects of some of these mechanisms.
The li~iting focal diameter could be due to saturation of ~n Fesulting from high degrees of molecular alignment in a Kerr liquid. In our experiments, however, we estimated the maximum ~n using Eqs. (5) and (15) and the measured axial intensities in Fig. 4 . We found ~n = .007.
max
For full~ aligned EBBA with an order parameter of unity, ~n should be aro.und 0.35. So, the maximum ordering in our sample is only 0.02. This is more than an order of magnitude less than the ordering present in the nematic phase, and is theretore far from saturation. From the known results on the optical field-induced refractive index in EBBA,
there
should also be no steric or compressional effects 28 which could introduce saturation in ~n at our level of laser intensities.
Another possible mechanism of limiting the focal diameter is the require an electron density of n = me~ I /e P so that the plasma frequency is wp "w!n photons, and th~ quantum yield of photoris into free elettrons was certainly significantly less than 1. It could not create a sufficie;;-:t electron density to reduce ~n appreciably unless virtually the whole bean were depleted. This means that any effect of pre-breakdotvn ionization wo~ld be from depletion of laser power rather than from its effect upon 6n. In our experiment, we did not sec any evidence of depletion of the laser beam below the stimulated Brillouin scattering threshold. As a re-. sult the limiting value of R i could not be due to laser depletion from m n 0 ,r::.. In Fig. 8 , we see tl1at stimulated Brillouin scattering set in more
abruptly in the steady-state case, and thus stopped the shrinking beam radius more readily. For laser pulses well above the Brillouin threshold, ve observed Brillouin depletion in excess of half of the beam power.
Since the gain is highest on the beam axis, the most intense axial part of the beam was preferentially depleted, and 6n. dropped along the beam axis. The light somewhat off the beam axis was much less depleted. So, 6n. was higher off of the beam axis than it is on the axis. This should lead to a defocusing of the axial rays. A dynamic equilibrium was expected to set up: any tendency of the beam to further self-focus would result in an increased stimulated Brillouin scattering and the resulting additional depletion of laser power would oppose the tendency of the beam to further self-focus.
In Fig. 10~ we show the variation of the peak Brillouin output power as a function of input power for the cases studied. Again, we sec that the growth of the Brillouin power is c~early the most abrupt in the most steady-state case as expected.
V. CONCLVSIO~
Using the temperature dependence of the relaxation time T in an isotropic liquid crystalline material, we have studied the variation of selffocusing from the quasi-steady-state to the transient limits. In all cases, our quantitative oeasurements of the time variation of the laser pulse radius strongly support the unified qualitative description of selffocusing in Fig. 1 . We see that there is no abrupt change in the character of the self-focusing as tp/T is varied, but rather there is a smooth variation from one limit to the other. Our measurements are in good qualitativc agreement witlt availnblc theoretical predictions. Unforttlnately, because numerical calculations of self-focusing for our cases do not ex- Here the pulse is sho~~ as viewed from the side in a series of snapshots. 
